Introduction
It has been suggested that adaptively specialized behaviors correlate with the morphology of particular brain areas. For example, a positive correlation has been reported between caching intensity and the volume of the hippocampus in food-caching birds [Krebs et al., 1989; Sherry et al., 1989; . Similarly, a positive correlation has been reported between song repertoire size and volume of the song control area (HVC) in songbirds [e.g., DeVoogd et al., 1993; Székely et al., 1996] . To account for overall brain size, a control region of the brain outside of the hippocampus or HVC is also frequently measured. Often times this control region is the remainder of the telencephalon. By controlling for variation in hippocampal/HVC volume due to changes in brain volume outside of changes due to the behavior of interest, we can attempt to attribute differences in these brain regions to particular behaviors. In addition, many large-scale comparative studies also utilize volumetric measures of the brain that might reflect adaptations in behavior, ecology and physiology [e.g., Garamszegi and Eens, 2004; Lucas et al., 2004; Garamszegi and Lucas, 2005; Iwaniuk and Hurd, 2005] . The results from these studies are reliant upon previous studies, such as those from the food-caching paradigm; thus, it is crucial that the data on telencephalon measurements from previous investigations are comparable and accurate.
At present, there appear to be two methods to estimate relative hippocampal volume using the volume of the telencephalon. First, telencephalon volume can be calculated in every tissue section in which the hippocampus is present and measured, hereafter referred to as the hippocampal-only method (HOM). In the HOM, the first telencephalic section to be measured is that which also contains the first hippocampal tissue measured. The telencephalon is then measured until the end of the hippocampus. Examples of studies using this technique are Sherry et al. [1993] , Cristol et al. [2003] , and Day et al. [2005 Day et al. [ , 2008 .
The alternative method of measuring the telencephalon volume is to measure it in its entirety, hereafter in this paper referred to as total telencephalon method (TTM). In the TTM, the telencephalon is measured beginning from the first tissue section of the telencephalon through the last section of the telencephalon. Examples of studies unambiguously using this technique are LaDage et al. [2009] and Roth and Pravosudov [2009] . Most studies, unfortunately, do not explicitly mention which method they use.
This could be a problem, as there appears to be a bias in telencephalon volume estimates when using the HOM. Measuring the telencephalon only in sections in which the hippocampus is present results in an artificial correlation between hippocampal volume and telencephalon volume and a consistent overestimation of relative hippocampal volume. Furthermore, this method also underestimates total telencephalon volume, which would be relevant for large-scale comparative studies that might utilize those data in the future analysis. Also, in relatively small brains, inter-individual variation in the plane of section could have important consequences for estimating telencephalon volume. More importantly, the degree of underestimation of telencephalon volume appears to be dependent on the hippocampal volume and thus produces biases in the measurements of telencephalon volume. We hypothesize that biases in the underestimation of total telencephalon volume will be especially pronounced in brains with smaller hippocampi. Measuring a smaller portion of the telencephalon due to a smaller hippocampus might result in an artificially larger hippocampal-to-telencephalon volume ratio than actually exists; thus, a smaller hippocampus would be represented as relatively larger (when controlling for telencephalon size) than it actually is. This could result in spurious relationships between brain size and ecological variables affecting hippocampal-dependent behaviors such as food-caching. Here we explore this potential bias by comparing the two different methods of measurement within the same individuals using two food-caching species, black-capped chickadees (Poecile atricapillus) and mountain chickadees (Poecile gambeli) .
Materials and Methods
A subset of data was used from two previous studies in blackcapped chickadees [n = 20; Roth and Pravosudov, 2009] All birds were anesthetized with a lethal overdose of Nembutal (0.07 ml of 50 mg/ml Nembutal). The birds were transcardially perfused with 0.1 M phosphate buffered saline for 10 min followed by 15-20 min perfusion of 4% paraformaldehyde in 0.1 M phosphate buffer. Brains were extracted and post-fixed in 4% paraformaldehyde for 6 days (black-capped chickadees) or 1 day (mountain chickadees) before cryoprotection. Brains were cryoprotected in 15% sucrose, then 30% sucrose, and finally flash-frozen on dry ice. Brains were stored at -80°C until sliced. Brains were sliced on a cryostat (Leica CM 3050S: -20°C) in the coronal plane every 40 m. Every 4th section was mounted and Nissl-stained with thionin.
Slides were coded, thus tissue slices were measured blind to treatment. We measured hippocampal volume and the remaining telencephalon volume using standard stereological methods (StereoInvestigator, Microbrightfield, Inc.; microscope, Leica M4000B). Hippocampal volume was measured in its entirety for both methods. For the HOM, we began measurements of the telencephalon with the first tissue section on which we first measured the hippocampus, and we concluded the measurement of the telencephalon on the last measured hippocampus section. For the TTM, telencephalon volume was measured in its entirety. Both methods utilized the Cavalieri procedure [Gundersen and Jensen, 1987 ] to estimate volume. Hippocampal volume was measured with a 200-m grid; telencephalon volume was measured with a 1,200-m grid following our previous work [Pravosudov et al., 2002; Pravosudov and Omanska, 2005a, b] . Hippocampal and telencephalic volumes were measured on both left and right hemispheres, which were then summed to produce the given values. There were no significant differences between left and right hemispheric measures for either method.
We used a repeated measures ANOVA to compare telencephalon volume estimates between the two methods to determine if using the different methods yielded different results. To detect a difference in hippocampal volume estimations between the two methods, we directly compared the relative hippocampal vol-umes (hippocampus volume/telencephalon volume) produced by the HOM and TTM by using repeated measures ANOVA. Furthermore, we tested the effect of the two different methods on the relative hippocampal volume estimation by using the General Linear Model (GLM), with method as a random, independent variable.
To detect potential biases across hippocampal volume estimates, we compared the absolute volume of the telencephalon that is underestimated when using the HOM by subtracting the volume of the telencephalon measured with this procedure from that measured with the TTM. We also compared the proportion of the telencephalon underestimated with the HOM to determine if underestimation of the telencephalon volume was similar across hippocampal volumes. To obtain the proportion of the telencephalon that was underestimated by the HOM, we divided the absolute difference by the volume of the telencephalon when measured with the TTM. We used GLM for all statistical analyses and considered all results to be statistically significant if p ^ 0.05.
Results
There was a significant difference in telencephalon volumes between the two methods (F 1, 56 = 433.887, p ! 0.001; fig. 1 ) and between the two species (F 1, 56 = 31.209, p ! 0.001). We also found a significant difference between relative hippocampal volume estimates when using the TTM compared with the HOM (F 1, 56 = 358.708, p ! 0.001; fig. 2 ), but species had no effect (F 1, 56 = 1.686, p = 0.199).
Also, the two different methods yielded significantly different relative hippocampal volume estimates when using telencephalon volume estimations as a covariate and method as a random, independent variable (F 1, 115 = 7.11, p = 0.008; fig. 3 ). Estimates of hippocampal volume to telencephalon volume produced by two different methodologies (HOM = Hippocampal only method; TTM = total telencephalon method) in two species of birds. Hippocampal volume to telencephalon volume differed when using the two different methodologies (p ! 0.001), although species had no effect (p = 0.199). In addition, we also found a bias across hippocampal volume estimates. There was a significant negative relationship between hippocampal size and the absolute difference between telencephalon volumes estimated using the two methods (F 1, 56 = 5.255, p = 0.026), whereas species had no effect (F 1, 56 = 1.070, p = 0.305; fig. 4 ). We also found a significant negative relationship between hippocampal size and the proportion of the telencephalon that is underestimated when using HOM (F 1, 56 = 8.140, p = 0.006; again, species had no effect (F 1, 56 ! 0.001, p = 0.995; fig. 5 ).
Discussion
The two different techniques produce significantly different telencephalon volume estimations and relative hippocampal volume estimations. The HOM yields telencephalon volume estimations that are significantly lower than those obtained with the TTM ( fig. 1 ) , while producing relative hippocampal volumes that are significantly larger than those found with the TTM ( fig. 2 , 3 ) . Furthermore, using the HOM has differential effects on both the absolute difference in telencephalon volumes estimated using the two methods and the proportion of the telencephalon that is underestimated. The slope of the lines indicate that as hippocampal volume estimates decrease (i.e., measuring a smaller hippocampus), the amount ( fig. 4 ) and the proportion of the telencephalon that is underestimated increases ( fig. 5 ). Depending upon hippocampal volume, HOM results in an underestimation of telencephalon volume which ranges from about 5 to 20% ( fig. 5 ) .
Our results indicate that measuring the telencephalon with the HOM might introduce strong biases within a study in which smaller hippocampi are overestimated, thereby masking the true underlying relationship. The direction of this bias indicates that true differences between the species or groups compared could be more difficult to detect when using the HOM. This might not be a problem in studies in which significant differences were detected despite using the HOM, such as in Sherry et al. [1993] . Some studies, however, which have used the HOM did not find differences in relative hippocampal volumes, whereas other studies have found differences; this could be partially attributed to the use of the HOM. For example, Cristol et al. [2003] using the HOM, did not find a significant difference in relative hippocampal volume estimates between migrant and closely-related non-migrant juncos (Junco hyemalis) , although both Healy et al. [1996] and Pravosudov et al. [2006] found that migratory species have larger hippocampal volumes relative to the rest of the telencephalon than do sedentary species. Day et al. [2005] used the HOM and did not find a relationship between bower complexity and relative hippocampal volume estimates in bower birds, although, to our knowledge, no other study has examined relative hippocampal volume and bower complexity. Finally, Day et al. [2008] also used the HOM and compared relative hippocampal volumes among captive and wild-caught male and female brown-headed cowbirds (Molothrus ater) . They found that the only significant difference in relative hippocampal volume was between captive females and wild-caught females. This contrasts with LaDage et al. [2009] in which estimates of relative hippocampal volume using TTM differed between captive and wild-caught male mountain chickadees (Poecile gambeli) . Although we do not propose that the use of the HOM alone can mask differences, we do suggest that the use of the TTM could increase the chance of finding differences between relative hippocampal volume estimates, when such differences do exist.
Furthermore, this potential bias might produce a spurious positive correlation between hippocampal volume and telencephalon volume, both within and across species -a relationship that has been proposed as relevant in the literature. For example, food-caching birds have been reported to have larger hippocampal volumes as well as larger telencephalon volumes compared with non-caching species when using brain volume estimates from multiple sources [e.g., Garamszegi and Eens, 2004] . Furthermore, these authors suggest that larger brain regions and overall brain size, similar to the hippocampus, have evolved in response to the demands of food caching. Data from studies which used the HOM were included in the analysis [Sherry et al., 1993; Cristol et al., 2003] , thus the telencephalon volumes were likely correlated with the hippocampal volumes in these cases. If a large proportion of the other data were collected using HOM, the reported larger telencephalon volumes found in food-caching birds could be expected simply based on a bias produced by the HOM, a spurious result stemming from the fact that food-caching species have larger hippocampal volumes than non-caching species. Similarly, some withinspecies studies showing a positive correlation between hippocampal and telencephalon volume might also be explained by the biased HOM. Although we cannot, and do not, deny that the positive relationship between hippocampal and telencephalon volumes might exist, we merely suggest that a significant bias resulting from using HOM could be an important factor in some of the reported relationships. This might be particularly problematic in large-scale, comparative, meta-analyses that are unable to define or describe the methodologies used in measuring the telencephalon from the various scrutinized studies. Using biased and underestimated brain sizes in such analyses could lead to spurious conclusions. Consequently, we suggest that such large-scale comparative analyses should exercise caution when including data from studies with an unknown methodology.
Although we concede that we do not know the prevalence of the utilization of the HOM, we would like to assume that the majority of studies that do not state their methodology use the TTM. Thus, we view our analysis as a cautionary note for future studies. Clearly, studies investigating relative size of brain areas other than the hippocampus (e.g., song nuclei) might also be affected by similar biases in telencephalon measurements. We suggest that all future studies should utilize the TTM, as it represents the best estimation of volume and circumvents potential biases of measuring telencephalon volume. To avoid ambiguity, we suggest that future studies which correlate behaviors with the morphology of particular brain areas explicitly outline the procedures used in estimating brain volumes, so that other researchers can duplicate the methodology exactly and correctly. This should reduce the likelihood of methodological confusion in future comparative studies as well as potential misinterpretations of brain volumetric patterns as a whole.
